High entropy alloy NiFeCrCo was systematically studied in the range of nearequal atomic concentrations, i.e., 10-40 at.%, by first-principles tools and high throughput calculations. Enthalpy of mixing, lattice parameter (a 0 ), bulk modulus (B), and shear modulus (G) were calculated by the exact muffin-tin orbital method combined with coherent potential approximation 6 GPa. 
Introduction
There has been a rapid growth in interest in multi-component equiatomic metallic alloys that form as random solid solutions on simple lattices since their independent discoveries by the groups of Yeh [1] and Cantor [2] . These alloys consist of at least four elements with each elemental compositions between 5-35 at.%. This class of alloy was labeled a high entropy alloy (HEA) due to the higher configurational entropy present in the multi-component equiatomic system. HEAs have also motivated the study of other nontraditional alloys referred to as compositionally complex alloys [3] . These alloys deviate from conventional alloying strategies (i.e. a primary solvent with solutes in low concentrations) but do not quite fit the definition of HEAs.
HEAs are of significant interest because of their desirable combinations of physical properties. To name a few examples, yield strength up to about 3000 MPa has been reported in the bcc AlNiFeCrCoTi x system. [4] Refractory VNbMoTaW has a high strength at elevated temperatures up to 1800 K.
[5] Al 0.5 NiFeCrCoCu HEAs has great fatigue resistance. [6] And NiFeCrCoTi and AlNiFeCrCoTi HEAs have great wear resistance. [7] However, issues of alloy phase stability, fundamental mechanisms responsible for physical properties, and the development of predictive rules that facilitate the selection of new alloy compositions are areas that are still being developed.
Previous to the discovery of HEAs, it was believed that multi-component alloys would favor the formation of structurally amorphous bulk metallic glasses (BMGs) or would lead to multi-phase intermetallic alloys. Unlike these systems, HEAs form solid solutions on simple lattices (e.g., fcc, bcc, and hcp). This has been attributed to the fact that HEAs tend to have an enthalpy of mixing close to zero, making them an ideal solution and enabling entropy to dominate the free energy. [8] Also important in HEA formation are the relative atomic sizes and atomic species making up the alloy. Generally, an HEA forms when constituent elements possess similar metallic radii. [8] The relative atomic size constraint in forming an HEA has led to research into alloy groups that can be classified by the average metallic radius of constituent elements. For the purpose of grouping HEAs, Al serves as a convenient (yet arbitrary) reference element with a metallic radius of 0.143 nm. HEAs formed of elements with a metallic radius greater than Al have been pursued for high temperature [5] or low density [9] applications. Elements with a radius smaller than Al are generally transition metals and can be grouped into 3d, 4d, or 5d sub-groups. Many of the 4d and 5d transition metals have a similar metallic radii between 0.135 and 0.140 nm and a group of 3d elements (Cr, Mn, Fe, Co, Ni, and Cu) have metallic radii between 0.125 and 0.128 nm. Due to the many practical structural applications, their desirable combination of properties for these applications, and the ability to form single phase random solid solutions, combinations containing Co, Cr, Fe, Mn, and Ni have been some of the most widely studied HEAs.
Equiatomic NiFeCrCoMn was one of the earliest HEAs identified [2] . It and its equiatomic base alloy, NiFeCrCo, have been of interest to the tuning of properties and phase stability in 3d HEAs. Recent interest has focused on both developing a fundamental understanding of the properties and stability of these equiatomic HEAs as well as optimization of properties of the HEA for engineering purposes. Examples include investigation of the phase stability [10, 11, 12, 13] , local chemical ordering [14, 15, 16] , mechanical [17, 18, 19, 20, 21, 22, 23, 24, 25] , and magnetic [14, 26, 16] [14, 26, 16, 27, 28] properties.
Equiatomic NiFeCrCo was found to remain a coherent fcc crystal lattice as milled [24] or after annealing for a week [29] , and have good strength and excellent ductility [24, 20] . Recent results that combined density functional theory and experimental techniques, including magnetization measurement and scanning transmission electron microscopy, identified nanodomains where Cr orders in an L1 2 structure [14] . Later Monte Carlo calculations using first principles methods supported the conclusion that Cr should order and is magnetically frustrated in the disordered random solid solution phase [16] .
Equiatomic NiFeCrCoMn also forms as a fcc solid solution phase as milled or cast [24] . This equiatomic quinary HEA was found to also have a balanced performance in strength and ductility [24, 18, 20] , and have remarkable fracture resistance at cryogenic temperatures [19] .
Given that a good combination of strength and ductility is possessed by equiatomic NiFeCrCo and NiFeCrCoMn, investigation of near-equiatomic compositions is of interest in that better performance may be realized in this range. However, systematic study of the non-equiatomic compositions of either NiFeCrCo or NiFeCrCoMn HEAs is a significant challenge due to the vast number of possible alloy combinations. Furthermore, experimental investigations are hindered by the lack of validated predictive theories for mechanical properties and the huge number of samples to manufacture for such studies. Computational tools, on the other hand, provide an efficient and economic path towards a systematic prediction of the relation between near-equiatomic HEA compositions and properties.
In the present work, we report our computational exploration of the nearequiatomic range of the four-component NiFeCrCo HEAs in the random solid solution phase. We have explored the near-equiatomic range of Ni-Fe-CrCo high entropy alloys in terms of enthalpy of mixing, lattice parameters, bulk moduli, elastic constants, shear moduli, and B/G ratio. Detailed maps of these properties are obtained. Additionally we evaluate the validity of equations that allow convenient estimate of enthalpy of mixing as well as bulk modulus using only properties of binary alloys. These equations are found to capture general trends in alloying and are sufficient for qualitative estimates of the physical property of interest. For each element, the element that dominates the macroscopic behaviour is identified. Ultimately, this data may be used by those interested in tuning the physical properties of interest.
With that said, this work focuses on the prediction of the properties of random solid solutions of these non-equiatomic HEAs. It is outside the scope of the present work to evaluate whether each 2700+ compositions of the alloys evaluated remain single phase solid solutions over the entirety of the composition range. There are a limited number of reports that suggest that this is not always the case for particular elements. For example, as
Cr is enriched, there is evidence of σ phase formation together with the random solid solution [30] . Additionally, local ordering of elements is not explored as was seen in nano domains of annealed NiFeCrCo [14] . In both situations, the random solid solution matrix is present and its properties may contribute to a significant fraction of the macroscopic response. As such, the predictions presented in this manuscript are still a valuable aid in interpreting the physical properties of these more complex alloys whose properties depend on the collective interaction of the random solid solution with the secondary phases. Furthermore, non-equilibrium synthesis methods routinely produce solid solutions and due to the slow diffusion [11] these alloys are metastable for extended periods. Throughout the discussion, we note when results are discussed in regions known to diverge from known single phase random solid stability.
Computational methods
Two complementary first principles methods were used in the present study. The first was the Exact Muffin-Tin Orbital method combined with Coherent Potential Approximation (EMTO-CPA). Overlapping muffin-tin potential spheres were used to accurately describe the exact one-electron potential. The EMTO method calculates total energy using the full charge density (FCD) technique [31] . FCD calculations have similar accuracy to that of full-potential methods but are more computationally efficient. The CPA technique allows simulation of random solid solutions by blending constituent potentials into one single site. [32] The nature of this one-site approximation 6 by CPA ignores local lattice displacement. In spite of this, the EMTO-CPA method has been shown to be accurate for HEA systems composed of transition metals [24, 33, 14, 34, 25] . The second method was the Vienna Abinitio Simulation Package (VASP) [35, 36] with projector augmented wave (PAW) pseudo-potentials [37, 38] . Special quasi-random structures (SQS) [39] , which are atomic models that best represent the targeted alloy within the confines of the periodic boundary condition, were generated through a Monte Carlo algorithm [40] . For both calculation methods, the PerdewBurke-Ernzerhof version of generalized gradient approximation (GGA-PBE) of exchange-correlation functionals was used. [41, 42] [46] and has been implemented previously for HEAs [33] . C 11 and C 12
were derived from the bulk modulus B 0 and the tetragonal shear modulus
of C ′ and C 44 was based on a volume-conserving orthorhombic deformation ε 0 and monoclinic deformation ε m , respectively, which are given by:
where δ was between 0.00 and 0.05 in increments of 0.01. The values of C ′ and C 44 were determined by fitting the energy-deformation data to E =
Polycrystalline shear modulus was derived via the Voigt-Reuss-Hill averaging method [47] , which defines the shear modulus G as an average of the lower (G R ) and upper (G V ) bounds given by:
and
Results and discussion
While binary alloys require a 2-D diagram to cover alloying compositions and ternary alloys need a 2-D contour plot, compositions of a quaternary alloy form a 3-D contour space. A large number of configurations, therefore, need to be explored when evaluating the physical properties of non-equiatomic quaternary HEAs as a function of composition. We evaluate the physical properties of these alloys within the constraints that each element is allowed to vary between 10 at.% to 40 at.% in steps of 2 at.%. This creates a total of 2736 compositions explicitly calculated. For each composition multiple calculations were required to fit relevant equations of state discussed previously.
To accomplish this, the majority of the results were determined by use of the EMTO+CPA method. VASP+SQS calculations were used to validate these calculations on a smaller subset of systems that we found to have interesting physical properties. Finally, in the following discussions, all concentrations are atomic percentages.
The large number of configurations calculated also presents a practical challenge of how to best present the data in a way to highlight trends present.
To this end, we first present contour maps of selected slices through compositional space for the properties studied in this paper. Although data included in the contour maps represent only a portion of all data calculated, we find these maps facilitate the illustration of trends in physical property as a function of composition. The slices are organized collectively as follows. For presentation, we select an element (column) and fix its concentration to 10
at.%, 24 at.%, and 40 at.% (rows). Each of the other non-fixed elements is varied and the physical properties are presented in each individual contour map. All contour plots for each slice of the same property have the same color scale for the sake of absolute comparison between one contour plot and the next. More detailed analysis beyond these contour maps that includes evaluation of all points follows this presentation.
Enthalpy of mixing
Enthalpy of mixing originated from the calculation of the heat of mixing of a liquid in forming a solution. [48] It has also been used to predict the likelihood of random solid solution phases in metallic alloys. Recently, this has been extended to high entropy alloys, where predictions are often based on extrapolating from known binary enthalpy of mixing data. [8] For random alloys in solid state, in a similar way to liquids, enthalpy of mixing can be defined as the energy required to mix constituent atoms on the same crystal lattice. Taking the fcc NiFeCrCo alloy as an example, its enthalpy of mixing is the energy difference between the fcc alloy and constituent elements in fcc lattice, as given in Eq. 3:
where E fcc i is the ground state energy of each element i in the same fcc lattice as the alloy. Meanwhile, enthalpy of formation is defined by Eq. 4:
where E stable i is the ground state energy of each element i in its stable phase at zero Kelvin. The enthalpy of formation is used to determine how favorable it is to form a particular phase as compared to the pure stable phases. At finite temperature, entropic contributions need to be considered and free energies need to be evaluated. The enthalpies of mixing and formation are related through Eq. 5, which accounts for the differences in energies of the elemental references (i.e. fcc vs. stable phases).
In the present work we explicitly determine the enthalpy of mixing of the multi-component alloys and compare these to data derived from extrapolation from binary enthalpy of mixing data, as the later has been widely used in the literature to predict whether alloys form as HEAs. [8] We conclude that for the alloy studied here there is a reasonable agreement between these two approaches and attempt to quantify the associated error. All enthalpy of mixing in the present work are expressed as energy per formula unit. Twelve contour map slices in the 3-D compositional space are plotted in From the data, it can be seen that Cr has the most significant influence on the enthalpy of mixing. Low concentrations of Cr lead to a higher ∆H Figure 1 and has a enthalpy of mixing of −400 meV.
Analysis of Multi-component Enthalpy of Mixing
As opposed to direct calculation of the enthalpy of mixing of multicomponent metallic glasses, it has been proposed that this can be determined by a compositionally weighted sum consisting of mixing enthalpy of constituent binary alloys via [49] 
Eq. 6 has been used to approximate the enthalpy of mixing for multi-component solid solution high entropy alloys. [8] Here we look to use Eq. 6 to not only understand trends in the enthalpy of mixing data but also look to use the large number of data points calculated here to evaluate whether this expression qualitatively or quantitatively captures trends.
Data of pure metals and binary alloys
Before we begin the evaluation of the binary enthalpy of mixing equation, we first look to validate our methods against known experimental data. To do this, we first calculated the bulk properties of the constituent elements, Ni, Fe, Cr, and Co, using both the EMTO method and VASP in their stable phases. No restrictions were applied to these spin polarized calculations such that the structures as well as magnetic moments were fully relaxed to reach the lowest energy. Lattice parameters and bulk moduli of these metals in 14 their naturally stable phases were calculated, namely, Ni in fcc, Fe in bcc, Cr in bcc, and Co in hcp. The calculated results were then compared with experimental measurements from the literature [50] in Table 1 . The enthalpy of mixing for 6 fcc binary equiatomic alloys was calculated by the EMTO-CPA method. This included the determination of the bulk energy of each pure element in an fcc reference phase. Because we were interested in predicting the paramagnetic (PM) bulk properties of the quaternary alloys, we determine the energies for the fcc binary alloys and pure metals in the paramagnetic state through implementation of the disordered local moment approximation. Enthalpy of mixing for the 6 fcc binary alloys are given in 
Multi-component Enthalpy of Mixing from Binary Data
We now look to assess the accuracy of Eq. 6 in predicting the multicomponent enthalpy of mixing from binary data. To do this, we compare the enthalpy of mixing determined from Eq. 6 that uses the binary data in Table   2 to the enthalpy of mixing explicitly determined through self consistent EMTO+CPA calculations of the 2736 quaternary compositions. all calculated values generally fall near the blue dashed line. We calculated the root-mean-squared deviation (RMSD) for these data points and found it to be 42 meV. This implies that Eq. 6 is expected to be able to predict the enthalpy of mixing for HEAs with an error of 42 meV. While this is a relatively large error, Eq. 6 still provides a reasonable estimate of the trends in enthalpy of mixing from equiatomic binary systems. The advantage of this is binary enthalpy data is more readily available in the literature and is more straightforward from a computational perspective. For accuracy, full self-consistent calculations should be performed. How the lattice parameter, a 0 , of these alloys changes as a function of composition was also explored. Contour plots for a 0 are presented in Figure   3 . Co has the most significant influence on the lattice parameter a 0 of Ni-Fe- Cr-10% slice has low/medium a 0 , the Cr-24% slice has medium a 0 , and the Cr-40% slice has medium/high a 0 . The 12 slices in Figure 3 demonstrate how each component affects a 0 by using a small portion of all calculated compositions. We also present the top three compositions with either the smallest and largest a 0 among all tested compositions in The top 3 alloys with the lowest or highest bulk modulus are listed in Table 4 .
Lattice parameter

Bulk modulus
Not surprisingly, the concentration of Fe is 40% in all three alloys with the lowest bulk modulus and 10% in those with the highest bulk modulus. Bulk modulus describes the resistance of a material against hydrostatic pressure, and can be directly connected to the bonding strength between atoms. We have calculated the bulk moduli of binary random alloys as well as pure metals using the four elements in Table 5 . These binary alloys and pure metals are in the fcc lattice with the same magnetic settings as in the 
where i, j indicate elemental types.
Using Eq. 7, we calculated the predicted bulk moduli of all tested compositions of Ni-Fe-Cr-Co alloys, and found good agreement with the DFT results, as shown in Figure 5 . The RMSD of the Eq. 7 is 5.9 : 6 : GPa. Taking into account systematic numerical errors in fitting DFT results to equations of states to determine the bulk modulus, this prediction is rather accurate.
Such proportional combination of binary bulk modulus in the forced same lattice structure with the same magnetic settings to predict the bulk modulus The two values are the same on the blue dashed line.
of alloys in the near-equiatomic range may be extended to other high-entropy alloys, although preliminary test of selected compositions is suggested to confirm this approach.
Shear modulus
Shear modulus was derived from elastic constants. The elastic constants of a cubic structure that is mechanically stable must satisfy C 11 − C 12 > 0 and C 44 > 0. [46] All alloys in the present study were found to fulfill the mechanical stability tests. 
B/G ratio
The ratio of bulk modulus and shear modulus (B/G) is often employed to estimate the ductile/brittle property of materials. [51, 52 ] The Pugh's ratio, or B/G, has been applied to HEAs in the literature. [33, 53] When B/G > 1.75, the material is more ductile; otherwise it is brittle. This ratio for Ni-Fe-Cr-Co HEAs is mapped in Figure 7 . As shown in the legend of Ni : and ductile with maximum Cr. However, it must be pointed out that this conclusion is based on the assumption that the alloy stays single phase. It has been mentioned in the section of enthalpy of mixing that high Cr may lead to secondary intermetallic phases, such as the sigma phase. The sigma phase is extremely hard and brittle, whose formation leads to huge changes to mechanical properties. [30] The conclusion derived from those contour maps needs to be carefully evaluated in such cases where it is likely that a secondary phase forms.
It is of interest to determine how the concentration of Co influences the shear modulus of Ni-Fe-Cr-Co HEAs. First, we plotted the shear modulus elements. Unlike bulk modulus that can be conveniently predicted through binary bulk moduli in the same lattice and Eq. 7, shear modulus, on the other hand, is sensitive to C 44 of the alloy, which is determined by collective local cluster interactions.
Comparison between EMTO and VASP
We have discussed the enthalpy of mixing, lattice parameters, bulk mod- 
Conclusions
We have systematically studied the high entropy alloy NiFeCrCo in the range of near-equal atomic concentrations, i.e. (VASP) with special quasi-random structure (SQS) models. Good agreement was found between these methods when similar spin polarization approaches were implemented.
